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Radical-Assisted Sequential CVD 



Field of the Inventioii 

10 The present invcmion is in the area of chemicai vapor deposition, and pertains 

more particularly to new methods and apparatus for depositing films by atomic layer 
deposition. 



Backgronni j of th* InvMitinn 

lathe manufacture of integrated drcuits, deposition of thin films of many pure 
and compound materials is necessary, and many techniques have been developed to 
accomplish such depositions, in recent years the dominam technique for deposition 

20 of thin films in the art has been chemical vapor deposition (CVD). which has proven 
to have superior ability to provide uniform even coatings, and to coat relatively 
conformally into vias and over other high-aspect and uneven features in wafer 
topology. As device density has continued to increase and geometry has continued to 
become more complicated, even the superior conformal coating of CVD techniques 

23 has been diallenged, and new and better techniques are needed. 

The approach of a variant of CVD, Atomic Layer Deposition has been 
considered for improvemem in uniformity and confoimaiity, especially for low 
temperature deposition. However the practical implementation of this technology 
requires a sofaitiQa to hi^er purity and higher throughput This patem addresses these 

30 requirements. 
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Atomic Layer Pcooaition 



In the field of CVD a process known as Atomic Layer Deposition (ALD) has 
emerged as a promising candidate to extend the abilities of CVD techniques, and is 

5 under rapid developmem by semiconductor equipment manuftcturers to further 
improve characteristics of chemical vapor deposition. ALD is a process ohgi&aUy 
termed Atomic Layer Epitaxy, for which a competent reference is: Atomic Laver 
Epitaxy, edited by T. Suntola and M. Simpson, published by Bladde. Glasgo and 
London in 1990. This publication is incorporated herein by reference. 

10 Generally ALD is a process wherein conventional CVD processes are divided 

into single-monolayer deposition steps, wherein each separate depoution step 
theoretically goes to saturation at a single molecular or atomic monolayer thickness, 
and self-tenninates. 

The deposition is the outcome of chemical reactions between reactive 

15 molecular precursors and the substrate. In similarity to CVD, elements composing the 
fdm are delivered as molecular precursors. The net reaction must deposit ibcpure 
desired film and eliminate the ' extra'' atoms that compose the molecular precursors 
(ligands). In the case of CVD the molecular precursors are fed simultaneously into 
the CVD reactor. A substrate is kept at temperature that is optimized to promote 

20 chemical reaction between the molecular precursors concurrent with efficient 

desorption of byproduas. Accordingly, the reaction proceeds to deposit the desired 
pure film. 

For ALD applications, the molecular precursors are introduced into the ALD 
reactor separately. This is practically done by flowing one precursor at a time, i.e. a 

25 ^^^^^^^0 MLs (M = Ai, W, Ta, Si etc.) that comains a metal element - M 
which is bonded to atomic or molecular ligands - L to make a volatile molecule. The 
metal precursor reaction is typically foOowed by inert gas purging to eliminate this 
precursor from the chamber prior to the separate introduction of the other precursor. 
An ALD reaction will take place aniy if the surface is f»vpawi to reaa directly with 

30 the molecular precursor. Accordingly the surfiice is typically prepared to include 
hydirogen-ccmtaining ligands - AH that are reactive with the metal precursor. Surface 
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- molecule reacdoiu can proceed to reaa with al] the iigands on the sur&ce aod 
deposit a monolayex of the metal with its passivating ligand: substrate -AH ML. ^ 
substrate- AMLv + HL, where HL is the exchange reaction by-product. Duhog the 
reaction the initial sur&ce Iigands - AH are cotisuoaed and the surface becomes 
5 covered with L iigands, that caooot fiuther react with the metal precursor - MU- 
Therefore, the reaction self-saturates when all the initial Iigands are replaced with - 
MLy species. 

After completing the metal precursor reaction the excess precursor is typically 
removed from the reactor prior to the introduction of another precursor The second 

0 type of precursor is used to restore the surface reactivity towards the metal precursor, 
i.e. eliminating the L Iigands and redepositing AH Iigands. 

Most ALD processes have been applied to deposit compound films. In this 
case the second precursor is composed of a desired (usually nomnetallic) element - A 
(It. O, N, S), and hydrogen using, for example HiO, NH3, or HiS. The reaction: -ML 

S AHz -M-AH HL (for the sbke of simplicity the chemical reactions are not . 
balanced) converts the sur&ce back to be AH-covered. The desired additional 
elemem - A is dq)osited and the figands L are eliminated as volatile by-product. 
Again, the reaction consumes the reactive sites (this time the L tenninated sites) and 
self-saturates when the reactive sites are entirely depleted. 

0 The sequence of surface reactions that restores the surface to tfae initial point is 

called the ALD depaxition cycle. Restoration to the initial surface is the luystone of 
ALD. It implies that films can be layered down in equal metered sequences that are 
all identical in chemical kinetics, deposition per cycle, composition and thickness. 
Self-saturating surface reactions make ALD insensiuve to transport nonunifbrmity 

5 either from flow engineering or surface topography (i.e. de]5osition into high aspect 
ratio structures). Non uniform flux can only result in differem CQQq>ieticm time at 
different areas. However, if each of the reactions is allowed to complete on the entire 
area, the different completion kinetics bear no penalty. 

As is often the case with process development, the initial promised advantages 

0 of a new technique do not, in the end, attain their fuU initial promise. Unfortunately, 
ALD has a serious fundamental problem. Unlike CVD reactions that are of a 
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continuous steady state nature, ALD reactions fdlow kinetics of niolecular-surftce 
interactioa Kinetics of molecular- sur&ce reactions depends on the individual 
reaction rate between a molecular precursor and a surface reactive site asid.the number 
of available reactive sites. As the reaction proceeds to completion* the surface is 

3 converted from being reactive to non-reactive. As a result the reactbn rate is slowing 
down during the depositioiL In the simplest case the rate, dN/dt Is proportional to the 
number of reactive sites, dN/dt » -kN, where N is the number of reactive sites and k is 
the (single site) reaction rate. Eliminating reactive sites (or growing of the already- 
reacted sites) follows an exponential time dependence kN(t) kNotf^*ki). This 

10 fundamental property of moiecule*surfiKe kinetics was named after the great scientist 
Langmuir, and is quite weU-known in the art. 

The interpretation of Langmuirian kinetics limitations illustrates a serious 
drawback of ALD and a severe deviation from the ideai piaure. Accordingly, the 
self-terminating reactions never really self-terminate (they would require an infuute 

15 time because the rate is exponentially decreasing). It means that under practical 
conditions the sur&ce is never entirely reaaed to completion after a deposition cycle. 
If the sur&ce is not completely reacted there are leftover undesired elements in the 
film. For example, if the MU reaction cannot totally consume the surfece -AH sites, 
the film will have H incorporatioa Likewise, if the AHy reaction is not carried to 

20 completion, undesired L incorporation is inevitable. Clearly, the quality of the fihn 
depends on the impurity levels. The Ihroughput-quaiizy tradeoff s of particular 
concern because it carries an exponential throughput penalty to attain a reduction of 

impurity levels. ^ 

In conventional atomic layer deposition one must accept low throughput to 
25 attain high-purity film, or accept lower-purity films for higher diroughput What is 
clearly needed is an apparatus and methods which not only overcome the 
I ^nomuiriMi limitations but simuhaneously provide higher-purity films than have 
been available in the prior an methods. Such apparatus and metiiods are provided in 
embodiments of the present invention, taught in enabling detail below. 
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SummTY of the Invention 



In a prefen-ed embodiment of the present invention a method for depositing a 
metal on a substrate suiface in a deposition chamber is provided, comprising stq» of 
5 (a) depositing a monolayer of metal on the substrate suiftce by flowing a molecular 
precursor gas or vapor bearing the metal over a sur6ce of the substrate, the sorfece 
saturated by a first reactive species with which the precursor will react by depositing 
the metal and forming reaction product, leaving ametal sur&ce covered with ligands 
from the metal precursor and therefore not further reactive with the precursor, (b) 
0 te rminat i ng flow of the precursor gas or vapor, (c) purging the precursor with ineit 
gas; (d) flowing at least one radical spedes into the chamber and over the surface, the 
radical species highly reactive with the sujface ligands of the metal precursor layer 
and eliminatisg the ligands as reaction product, and also saturating the surface, 
providing the first reactive species; and (e) repeating the steps in order until a metallic 
5 film of desired thickness results. 

In many such embodiments the radical species is atomic hydrogen. Using 
atomic hydrogen a broad variety of pure metals may be deposited, such as timgsten, 
tantalum, aluminum, titanium, molybdenum, zinc, ha&ium, niobium and copper. 

In another aspect of the invention a method is provided for depositing a metal 
oxide on a substrate surface in a deposition chamber, comprising steps of (a) 
depositing a monolayer of metal on the substrate surface by flowing a metal 
molecular precursor gas or vapor bearing the metal over a surface of the substrate, the 
surface saturated by a first reactive species with which the precursor will react by 
deponting the metal and forming reaction product, leaving a metal sur&ce covered 
25 with ligands from the metal precursor and therefore not further reactive with the 
precursor; (b) terminating fiow of the precursor gas or vapor; (c) purging the 
precursor with inert gas; (d) flowing a first radicaJ species into the chamber and over 
the surface, the radical species highly reactive with the reaction product and 
combining with the reaction product to create volatile species and saturate the surface 
30 with the first radical species; (e) flowing radical oxygen into the chamber to combine 
with the metal monolayer dq>osited in step (a), forming an oxide of the metal; (f) 
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flowing a third radical species ioto the chamber tennmanng the sur&ce with the first 
reactive species in prq>aracioa for a next nietaJ dq>ositioD step; and (g) repeating the 
steps in order tmtil a composite film of desired thickness resuhs. 

In this method the first and third radical species may be both atomic hydrogen, 

5 and the metal surface in step (f) is tenninated with hydroxyl species reactive with the 
metal precursor to deposit the metal. In another embodiment the oxygen and 
hydrogen atomic steps (e) and (0 rq>eated to improve film quality. Is still another 
embodiment steps (e) and (f) are combined imo one step wherein the sui&ce is 
reacted with hydrogen and oxygen atoms amuhaneously. 

10 In various embodiments for depositing oxides the oxides can be tantalum 

pemoxide, aluminum oxide, titanium oxide, niobium pemoxide, zirconium oxide, 
hafnium oxide, zinc oxide, molybdenum oxide, manganese oxide, tin oxide, indium 
oxide, tungsten oxide and silicon oxide, anoong others. 

In some embodimems the first radical species is aionuc hydrogen and steps (e) 

IS and (f) are united to one step using OH radicals, and the metal surface in step (f) is 
terminated with hydroxyl species reactive with the metal precursor to deposit the 
metal. 

In still another aspect of the invention a method for depositing a metal nitride 
on a substrate surface in a deposition chamber is provided, comprising steps of (a) 

2i> depositing a monolayer of metal on the substrate surface by flowing a metal precursor 
gas or vapor bearing the metal over a surface of the substrate, the surface saturated by 
a first reactive species with which the precursor will reaa by dq>ositing the metal and 
forming reaction product, leaving a metal surface covered with iigands Irom the metal 
precursor and therefore not fimher reactive with the precursor, (b) terminating flow of 

25 the precursor gas or vapor; (c) purging the precursor with inert gas; (d) flowing a first 
. radical species imo the chamber and over the surface, the atomic species highly 
reacdve with the surface Iigands of the metal precursor layer and eliminating the 
Iigands as reaction product and also samrating the surface; (e) flowing radical 
nitrogen imo the chamber to combine with the metal monolayer deposited m step (a), 

30 forming a nitride of the metal; (0 flowing a third radical species imo the chamber 
terminating the sur&ce with the first reactive species in preparation for a next metal 
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deposition step; and (g) repeating the steps in order until a composite fihn of desired 
tbiclcness results. 

In this method tlte first and third atomic radical tpcdes may both be atomic 
hydrogen, and the nxetal surface in step (f) may be tenninated with amine species 
5 reactivewith the metal precuisor to deposit the metal Further* steps (e) and (f) may 
be combined into one step wherein the sur&ce is reacted with hydrogen and nitrogen 
atoms simultaneously. 

In variations of this embodiment a variety of different nitrides may be 
produces, including, but limited to tungsten niuide|0n^^^^|^|®luminuffi 
10 nitride, titaohim nitride, silicon nitride and gallium nitride. 

In another variation the first radical species may be atomic hydrogen and steps 
I (e) and (f) may be united into one step using one or both of NH and NH2 radicals, and 
I the metal surface in step (f) is terminated with amine species reactive with the metal 
I precursor to deposit the metal. 

15 In yet another aspect of the invention a process for building a metal, metal 

oxide, or metal nitride film on a substrate surface is provided, wherein deposition 
steps comprise flowing a meud precursor gas or vapor over the sur&ce with the 
surface terminated with a first chemical species reactive with the metal precursor to 
deposit the metal, are akemated with steps comprising flowing radical spedes over 

20 the freshly deposited metal layers to remove the ligands fi'om the deposition steps and 
to provide the first chemical species to terminate the substrate sur&ce preparatory to 
the next deposition reaction. 

In this process a metal nitride film is bulk up by a step sequence of metal 
deposition by reacting a metal precursor gas with a sur&ce terminated by amine 

25 species, then attemating exposure of the sur&ce with atomic radical hydrogen, 

nitrogen and hydrogen again, therd)y volatilizing products remaining from the metal 
deposition chemistry, nitridizing the deposited metal monolayer, then terminating the 
metal surface with amine species again in preparation for a next metal deposition step. 
A metal oxide film is buih up by a step sequence of metal deposition by reacting a 

30 metal precursor gas with a sur&ce tenninased by hydioxyl species, then aheniating 
exposure of the surface with atomic radical hydrogen, oxygen and hydrogen again. 
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thereby volatiliztng products remaimng from the metal deposition chemistry, 
nriHiTing the mctal mooolayer, then tenninating the metal surface with hydroxyl 
species again in preparation for a next metal deposition step. 

In yet another aspect of the invention a method for depositing a compound 

s film on a substrate surface in a deposition chamber is provided, comprising steps of 
(a) depositing a monolayer of metal on the substrate surface by flowing a metal 
molecular precursor gas or vapor bearing the metal over a surface of the substrate, the 
surfhce saturated by a first reactive species with i^ch the precursor will react by 
depositing the metal and forming reaction product, leaving a metal sur&ce covered 

10 with Ugands from the metal precursor and therefore not further reactive with the 
precursor; (b) terminating flow of the precursor gas or vapor, (c) purging the 
precursor with inert gas: (d) flowing a first radical species into the chamber and over 
the surface, the radical species highly reactive with the reaction product and 
combining with the reaction produa to create volatile species and saturate the surface 

15 with the first radical species; (e) flowing nonmetal atomic species into the chamber to 
combine with the metal monolayer deposited in step (a), forming a compound film of 
the metal; (i) flowing a third radical species imo the chamber tenninating the surfhce 
with the first reacbve species in preparation for a next metal deposition step; and (g) 
repeating the steps in order until a composite film of desired thidcness resuhs. 

20 In this method the first and third radical species may be both atomic hydrogen, 

and the metal surface in step (f) is terminated with hydride species of the nonmetallic 
dement that are reactive with the metal precursor to deposit the metal. In a variation 
the non-metalltc and hydrogen atomic steps (e) and (f) are repeated to improve the 
film quality. In another variation steps (e) and (f) are combined into one step wherein 

25 the surface is reacted with hydrogen and non>metallic atoms simtiltaneousty. A 
variety of films may be produced by praaicing this variation of the invention as well, 
including but not limited to molybdenum disulfide and zinc sulfide. 

In yet another aspect of the invention a radical-assisted sequential CVD (RAS- 
CVD) reactor is provided, comprising a chamber with controlled gas inlets for 

30 introducing gases in sequential steps and a heated substrate support for holding a 
substrate and exposing a surface of the substrate to incoming gases; and a plasma 
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gcnendon apparatus for geoerating radical atomic species forixse in the reactor. In 
this reaaor an aggr^ate metal layer is foimed by deposhing a monolayer of metal oa 
the substrate sur&ce by flowing a precursor gas or vq>or bearing the metal over a 
surface of the substrate, the sur&ce tenninated by a first reactive spedes with which 
5 the precursor will react by depositing the metal and forming reaction product, leaving 
a metal- sur&ce not fiirther reactive with the precursor, terminating flow of the 
precursor gas or vapor, flowing at least one atomic radical species into the chamber 
and over the surface, the atomic species highly reactive v^h the reaction product and 
combining with the reaction product, and also terminating the surface, providing the 
10 first reactive species, and repeating the steps in order umii a composite film of desired 
thickness results. 

In various embodiments the atomic radical species is atomic hydrogen. The 
precursor gas bearing the metal may be tungsien hexafluoride and the metal dq)osited 
tungsten. 

25 

13 In some embodimems the plasma generation apparatus comprises an electrode 

within the reaaor chamber and a high frequency power supply conneaed to the 
electrode. In other embodiments the plasma generation apparatus comprises a 
30 showerhead-type gas distribution apparatus, and a plasma is generated within the 

showerhead apparatus to produce the radical species. In still other embodiments the 

20 atomic radical species is produced in a remote plasma generator, and the species are 
delivered to the reactor. 

35 

In the various embodiments of the invention a new process is provided 
wherein films of many sorts, including pure metals, oxides of metals, nitrides of 
metals, and other films, may be produced quickly and efficiently, with very high 
40 25 purity and with superior conformity to substrate topography and coverage within vias 

and other dif&cult surface geometries. 
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Brief descrintiop of the Drawina 

Fig. 1 is a generalized diagram of a reactor and associated apparatus for 
practicing a radical-assisted sequential CVD process according to an embodiment of 
S the present invention. 

Fig. 2 is a step diagram illustrating the essential steps of an atomic layer 
dq)Osition process. 

Fig. 3 is a step diagram illustrating steps in a radical-assisted CVD process 
according to an embodiment of the present invention. 

10 

Descriptioti of the Preferred Embodnncnts 

The inventor has developed an enhanced variation of ALD which alters the 
15 conventional surface preparation steps of ALD and overcomes the problems of 
conventional ALD, producing high throughput without compromising quality. The 
inventor terms the new and tinique process Radicai-Assuted Sequentiai CVD (RAS- 

CVD). 

Fig. I is a generalized diagram of a system 1 1 for practicing RAS-CVD 
20 according to an embodiment of the present invention. In this exemplary system a 
deposition chamber 13 has a heaiable hearth for supporting and heating a substrate 19 
to be coated, and a gas distribution ^paratus, such as a sbowerhead 15, for delivering 
gaseous species to the substrate surface to be coated. Substrates are introduced and 
removed ft'om chamber 1 3 via a valve 21 and substrate-handling apparatus not shown. 
23 Gases are supplied from a gas sourcing and pulsing apparatus 23, which inchides 
metering and valving apparatus for sequentially providing gaseous nutertals. An 
optional treatment apparatus 25 is provided for producing gas radicals from gases 
supplied from apparatus 23. 

Thb term radicals is well-known and understood in the art, but will be 
30 qualified again here to avoid confusioa By a radical is meam an unstable species. 
For example, oxygen is stable in diatomic form, and exists principally in nature in this 
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fbna Diatosnk; oscygea may, however, be caused to split to mom 
combine with another atom to produce ozone, a molecule with three atoms. Both 
monatoroic oxygen and ozone are radicai fonns of oxygen, and are more reactive than 
diatomic oxygea In many cases in embodiments of the present invention the raetccds 

3 produced and used are single atom forms of various gases, such as oicygen, hydrogen, 
and nitrogen, although the invention is not strictly limited to monatomic gases. 

Fig. 2 is a seep diagram of a conventional Atomic Layer Deposition process, 
and is presented here as contrast and context for the present invention. In 
conventional ALD, as shown in Fig. 2, in step 3 1 a first molecular precunor is pulsed 

0 in to a reactor chamber, and reacts with the surface to produce (tbeoredcaily) a 
monolayer of a desired material. Olten in these processes the precursor is a metal- 
bearing gas, and the material deposited is the metal; Tantalum from TaQs, f(ac 
example. 

In step 33 in the conventional process an inert gas is pulsed into the reactOT 

5 chamber to sweq) excess first precursor fi'om the chamber. 

In step 35 in the conrventional system a second precursor, typically non- 
metallic, is pulsed imo the reaaor. The primary purpose of this second precursor is to 
condition the substrate surface back toward reactivity with the first precursor, in 
many cases the second precursor also provides material fi^m the molecular gas to 

0 combine with metaJ at the surface, forming compounds such as an oxide or a nitride 
whh the freshly-deposited metal. 

At step 37 the reactor chamber is purged again to remove excess of the second 
precursor, and then step 3 1 is repeated. The cycle is repeated as many times as is 
necessary to establish a desired film. 

S Fig. 3 is a step diagram illustrating steps in a radical-assisted CVD process 

according to an embodiment of the presem invendon. In the unique process 
illustrated by Pig. 3 the first steps, steps 41 and 43, are the same as in the conventional 
process. A first precursor is pulsed in step 41 to reaa with the substrate surftce 
forming a monolayer of deposit, and the chamber is purges in step 43. The next step 

0 is unique. In step 45 single or multiple radical species are pulsed to the substrate 
surfiice to optionally provide second material to the sui&ce and to condition the 
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surface toward reactivity with the first molecular precursor in a subsequrat step. 

Then step 41 is repeated. There is do need for a second purge, and the cycle is 

repeated as often as necessary to accomplish the desired film 

Step 45 may be a single step involving a single radical species. For example, 
5 the first precursor may deposit a metal, such as in W from WF^, and the radical 

species in step 45 may be atomic hydrogen. The atomic hydrogen very quiddy and 

effectively neutralizes any remaining F to HP. and tecminates the surfi^e with atomic 

hydrogen, providing reactive surface for the next pulse of WFg. 

In many cases step 45 will be a compound step comprising substeps involving 
10 different radical species. A good example is a sequence of atomic hydrogen followed 

by atomic oxygen, followed by atomic hydrogen again. The first hydrogen step 

neutralizes CI or other remaining ligand, the atomic oxygen provides an oxide of the 

freshly-deposited metal, and the second atomic hydrogen terminated the surface with 

(OH) in prq)aration for the next metal precursor step. 
IS There are a broad variety of materials and combinations in step 45, and many 

are disclosed in more detail below, along with a more complete explanation of process 

chemistry. 

In RAS-CVD, following the metal precursor reaction, highly reactive radical 
species are introduced to quickiy react with products of the metaJ precursor reaction 

20 and to prepare the surface for the next metal precursor reaction. Radical species, as 
introduced above, are reactive atoms or molecular fragments that are chemically 
unstable and therefore are extremely reactive. In addition, radicals chemisorb to 
surfaces with virtually 100% efficient. Radicals may be created in a number of 
ways, and plasma generation has been found to be an efficiem and compatible means 

25 of preparation. 

RAS-CVD processes use only a single molecular precursor, in many cases a 
metal precursor. Surftce preparation as well as the deposition of nonmetaliic 
elements are accomplished by atom-surfiice reactions. Following the metal precursor 
reaction. The -ML terminated surface is reacted with hydrogen atoms to convert the 

30 surface into -MH .and eliminate HL by-produa. Unlike molecule-sur^ce reactions, 
atom-surface reactions do not depend on the number density of reactive sites. Most 
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atoms (except for nofole gases) stick very efficiently to surfaces in an imvosible 
process because atomic desorption is usually unfavorable. The atoms are highly 
mobile on non-reactive sites and very reactive at reactive sites. Consequently, atom- 
surface reactions have linear exposure dependence, as well as high rates. 

5 The -MU surface can be reacted ^vith A atoms to yield a -M-A- surface. In 

this case some oftheH Uganda can be eliminated as AHy. For example the -MH 
surface can be reacted with oxygen atoms to deposit oxide com|x>uxui. Alternatively, 
-MH surfhce can be reacted again with ML. for atomic layer controlled deposition of 
M metal films. For the deposition of nitride compound films, A is atomic nitrogen. 

0 The surface after the A atomic reaction is terminated with A- and AR At this point 
an additional atomic reaction with hydrogen converts the surface to the desired AH 
Uganda that are reactive towards the metal precursor Alternatively, the MH surftce 
can be reacted with a mixture of A and H atoms to convert the surface into -AH 
terminated surface with one less step. AU the above described reactions are radical- 

5 sur&ce reactions that are fkst- and .efficient and depend linearly on exposure. In 
addition, the final hydrogen reaction results in a complete restoration to the initial 
surftce without any incorporation of impurities. 

Another throughput benefit of RAS-C\^ is that a single purge step after the 
metal precursor step is needed, rather than the two purge st^s needed in the 

0 conventional process. Purge steps are expected by most researchers to be the most 

significant throughput-limiting step in ALD processes. Another advantage is that 

RAS-CVD promises longer system uptime and reduced maintenance. This is because 

atomic species can be efficiently quenched on'aluminum walls of the deposition 

* 

module. Downstream deposition on the chamber and pumping Unes is therefore 
5 virtually eliminated. RAS-CVD eliminates the use of H2O and NH) that are 

conunonly appUed for oxides and nitrides deposition (respectively) in the prior ait 
These precursors are notorious to increase maintenance and downtime of vacuum 
systems. 

0 According to the above a typical RAS-CVD cycle for a meuU oxide film will 

comprise steps as foUows: 



I > 
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1 . Metai precursor reaction with -OH (hydroxy!) tenninated sur&ce to attach -O- 
MLy aod eiimiiute the hydrogen by HL desorption. The surface becomes covered 
with L ligands, Le. in the case of TaCls the surface becomes covered with CI atoms. 
5 2. Purge with inert gas to sweep away excess metal precursor. 

3. Atomic hydrogen step - riiminntrs the ligands L by HL desorption and tennisates 
the surface with hydrogen. 

4. Atomic oxygen step - reacts with monolayer of metai to form oxide. Atomic 
bydrogeo again to leave hydroxy! saturated sur&ce for next metal precursor step. 

10 

At this point the (quality of oxide films (i.e. insulation properties, dteJectiic 
strength, charge tr^ping) can be improved by mnning steps 4-5 for muhiple times. 
For example: MiCh RAS-CVD can be realized from trimethylalumtnum Al(CH3)3, 
hydrogen and oxygen exposures. AI(CH3)9 reacting with -OH tenninated surface will 

13 deposit -0A](CH3)x concurrent with the desorption of methane (CH4). The - 
0Al(CH3)x (x»l^) sur&ce will be treated with H atoms to dimrnate x number of 
methane molecules and terminate the surface with AiH. This surface aiier 
consecutive (or concurrent) reaction with O atoms and H atoms will be tenninated - 
OAl-OH which is the restoration state. At this point, the RAS-CVD process can 

20 proceed by applying another A1(CH3)3 reactioa Altcmativeiy, the -OA!*OH surface 
can be exposed to another cycles of O and H atoms. At temperature above 100 
this process will exchange OH groups and AK>-A1 bridge sites and the resulted - 
OAl-OH sur&ce will be more thermodynamically favorable than the beginaing 
surface, because the process eliminates the more strained ( Al-0-)n ring structures as 

25 well as titrating away defects and broken bonds). Since the atonuc reactions are rather 
fast, these quality improvements are not expected to be a major throughput concern. 
In &ct, ultimate quality may be achieved by applying the O, H cycles for several 
times. Following, a given number of O, H atomic reactions the sequence will 
continue with the next A1(CH3)3 reaction. 

30 

6. Repeat steps from 1. 
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For metal nitrides atomic nitrogen is substituted for oxygea For pure metal 
depositions the oxygen/nitrogen step may be eliminated in favor of a single atomic 
hydrogen step, such as for tungsten films. The hydrogen saturated suiface after the 
5 first atomic hydrogen step is reaaive with WF^ to produce the pure metal. 

The generic nature of RAS-CVD is advantageous for multiple layer 
combination films of different oxides, dtfTerem nitrides, oxides with nitrides, differem 
metals and metals with compound films. 

In another unique process, useful for barrier layers, the WN process may be 
10 combined with the* pure W process to produce alternating W and WN layers in a 
variety of schemes to suppress polycrystallizatioii and to reduce the resistivity of the 
barrier layer. Other propetties, such as etectromigration may be contiolied by an 
ability to provide a graded layer of WN with reduced nitrogen content at the copper 
i«uerface for such applications. 

15 

In embodiments of the invention a broad variety of pirocess chemistries may be 
practiced, providing a broad variety of final films. In the area of pure metals, for 
example, the following provides a partial, but not limiting list: 

20 1. Tungsten fi'om tungsten hexafluoride. 

2. Tantalum fi'om tantahim pentachloride. 

3. Aluminum from either aluminum trichloride or trimethylaluminum. 

4. Titanitun from titanium tetrachloride or titanium tetraiodide. 

5. Molybdenum from molybdenum hexailuoride. 
25 6. Zinc fi'om zinc dichloride. 

7. HafiiilUB from hafiiium tetrachloride. 

8. Niobhmi from niobium pentachloride. 

9. Copper from CuiCh. 

30 In the area of oxides the following is a partial but not limiting list: 
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1. Tantalum pcntoxide from tamalum pemachiohde. 

2. Alumioum oxide from trimethylahimuium or ahiminum trichloride. 

3. Titanium oxide, from tttaoium tetrachioride or titanium tetraiodide. 

4. Niobium pentoxide from niobium pemachloride. 
5 5. Zirconium oxide from zirconium tetrachloride. 

6. Hafriium oxide from hafnium tetrachioride. 

7. Zinc oxide from zinc dicbloride. 

8. Molybdenum oxide from molybdenum hexafiuoride or molybdenum pentacMoride. 

9. Manganese oxide from manganese dicbloride. 
10 1 0. Tin oxide from tin tetrachloride. 

1 1 . Indium oxide fit>m indium trichloride or trimethylindium. 

1 2. Tungsten oxide frx)m mngsteo hexafluoride. 

13. Silicon dioxide fi^m silicon tetrachloride. 

15 In the area of nitrides, the fr>llowing is a partial but not limiting list: 

1 . Tungsten nitride from tungsten hexafhioride. 

2. Tamahim nitride frt>m tantahim pemachloride. 

3. Aluminum nitride from aluminum trichloride or trimethylaluminum 
20 4. Titanium nitride from titanium tetrachioride. 

I 5. Silicon nitride from silicon tetrachloride or dichlorosilane. 
6. Gallium nitride from trimethylgalUum. 



25 



Hardware Reouirements 



Another advantage of RAS-CVD is that it is compatible in most cases with 
AID process hardware. The significam difference is in production of atomic species 
and/or other radicals, and in the timing and sequence of gases to the process chamber. 
Production of the atomic species can be done in several ways, such as (1) io-situ 
30 plasma genention, (2) intra-showerhead plasma generation, and (3) external 
generation by a high-density remote plasma source or by other means such as UV 



1 1 
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dissodation or dissociatioa of metastable molecules, referring again to Fig. 1, these 
methods and apparatus are collectively represented by apparatus 25. 

Of the options, in-situ generatioa is the simplest design, but poses sevebl 
problems, such as turn on - turn off times that could be a throughput limitation. Intra- 

5 showerhead generation has been shown to have an advantage of separating ^ atomic 
specie generation from the ALD space. The preferable method at the time of this 
specification is remote generation by a high-density source, as this is the most 
versatile method. The radicals are generated in a remote source and ddxvered to the 
ALD vohune, distribtited by a showerhead over the wafer in process. 

10 It will be apparent to the skilled artisan that there are a variety of options that 

may be exercised within the scope of this invention as variations of the embodiments 
described above., some have already been described. For example, radicals of the 
needed species, such as hydrogen, oxygen, nitrogen, may be generated in several 
ways and delivered in the process steps. Further. ALD chambers, gas distribution. 

IS valving, timing and the like may vary in many pardcuiars. Still further, many metals, 
oxides nitrides and the like may be produced, and process steps may be altered and 
interleaved to create graded and alternating films. 

In addition to these variations it will be apparent to the skilled artisan that one 
may, by incorporating processes desoibed herein, ahernate process steps in a manner 

20 that alloys of two, three or more metals may be deposited, compounds may be 
deposited with two, three or more constituents, and such things as graded films and 
nano-Iaminates may be produced as well. These variations are simply variams using 
particular embodiments of the invomon in alternating cycles, typically in-situ. There 
are many other variations within the spirit and scope of the invention, so the invention 

23 is limited only by the claims that follow. 
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]. A method for depositing a metal OQ a substrate sui£we in a deposhion cha 

comprising steps of. 

5 (a) depositing a monolayer of metal on the substrate sudace by flowing a 

molecular precursor gas or vapor bearing the metal over a surfiftce of die substrate, the 
surface saturated by a first reacdve species with which the precursor will react by 
deposhing the metal and forming reacdon product, leaving a metal surftce covered 
with ligands from the metal precursor and therefore not further reactive with the 

10 precursor; 

(b) terminating flow of the precursor gas or vapor, 

(c) purging die precursor widi inert gas; 

(d) flowing at least one radical species into the chamber and over the surface, 
the radical species highly reactive with the sur&ce ligands of the metal precursor 

15 layer and eliminating the ligands as reaction product and also saturating the sur&ce, 
providing the first reactive species; and 

(e) repeating the steps in order umil a metallic film of desired thickness 

results. 

20 2. The method of claim 1 wherein the radical species is atomic hydrogen. 

3. The method of claim 1 wherein the precursor gas bearing the metal is tungsten 
hexafluoiide and the metal deposited is tungsten. 

25 4. The method of claim 1 wherein the precursor gas bearing die metal is tantalum 
pentachloride and the metal deposited is tantahun. 

5. The method of claim 1 wherein the precursor gas bearing the metal is one of 
tiimetfaylaluminum or aluminum trichloride and the metal deposited is aluminum. 

30 
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6. The method of claim 1 wherein the precursor gas beariog the metal is one of 
titanium tetrachloride or titanium tetraiodide and the metal deposited is titanium. 



I, The method of claim 1 wherein the precursor gas bearing the metal is molybdenum 
5 hexafhioride and the metal deposited is molybdenom. 

8 . The method of clum 1 wherein the precursor gas bearing the metal is zinc 
dichlohde and the metal deposited is zinc. 

10 9. The method of claim 1 wherein the precursor gas bearing the metal is hafnium 
tetrachloride and the metal deposited is hafnium. 

10. The method of claim 1 wherein the precursor gas bearing the metal is niobium 
pentachloride and the metal deposited is niobium 

13 

I I. The method of claim 1 wherein the precursor gas is copper chloride Cu3Cb and 
the metal deposited is copper. 

12. A method for depositing a metal oxide on a substrate surface in a deposition 
20 chamber, comprising steps of: 

(a) depositing a monolayer of metal on the substrate surface by flowing a 
metal molecular precursor gas or vapor bearing the metal over a surface of the 
substrate, the surface saturated by a first reactive species with which the precursor 
will react by depositing the metal and forming reaction product, leaving a metal 

25 surface covered with ligands from the metai precursor and therefore not further 
reactive with the precursor, 

(b) terminidng flow of the precursor gas or vapor, 

(c) purging the precursor with inert gas; 

(d) flowing a first radical species into the chamber and over the surface, the 
30 radical species highly reactive with the reaction product and combining with the 
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reactioft produa to create vol&tUe species and saturate the surface with the first radicaJ 
species; 

(e) flowing radicaJ oxygen into the chamber to combine with the metal 
monolayer deposited in step (a), fbnning an oxide of the metal; 
S (f) flowing a third radical species mto the chamber terminating the surface 

with the first reactive species in preparation for a next metal deposition step; and 
(g) repeating the steps in order untii a composite fdro of desired thickness 

results. 

10 13. The method of claim 1 2 wherein the first and third radical spedes are both atomic 
hydrogen, and the metal surface in step (f) is terminated with hydnsxyl species 
reactive with the metal precursor to deposit the metal. 

14. The method of claim 13 wherein the oxygen and hydrogen atomic steps (e) and (f) 
15 are repeated to imprxyve film quality. 

15. The method of claim 12 wherein steps (e) and (0 are combined imo one step 
wherein the sur&ce is reacted with hydrogen and oxygen atoms simuhaneously. 

20 16. The method of claim 1 2 wherein the metal precursor is tantahim pentachloride and 
the film is tantahim pentoxide. 

17. The method of claim 12 wherein the metal precursor is trimcthylaluminum or 
aluminum trichloride and the film is aluminum oxide. - 

18. The method of claim 12 wherein the metal precursor is titanium tetrachloride or 
titanium tetraiodtde and the film is titanium oxide. 

19. The method of claim 12 wherein the metal precursor is niobium pentachloride and 
HQ the film is niobium pentoxide. 
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20. The method of claim 12 wherein the metal precursor is zircomum tetrachloride 
and the iilm is zirconium oxide. 



21 . The method of claim 12 wherein the metal precursor is hafiiium tetrachloride and 
5 the film is hafiiium oxide. 

22. The method of claim 12 wherein the metaJ precursor is zinc dichloride and the 
film is zinc oxide. 

10 23. The method of claim 12 wherein the metal precursor is molybdenum hexafluoride 
or molybdenum pemachloride and the film is molybdenum oxide. 

24. The method of claim 12 wherein the metal precursor is manganese dichloride and 
the film is manganese oxide. 

15 

25. The method of claim 12 wherein the metal precursor is tin tetrachloride and the 
film is tin oxide. 

26. The method of claim 12 wherein the metal precursor is indium trichloride or 
20 trimethyiindium and the ftlm is indium oxide. 

27 The method of claim 12 wherein the metal precursor is tungsten hexafluoride and 
the iilm is tungsten oxide. 

25 28. The method of claim 12 wherein the metal precursor is silicon tetrachloride and 
the film is silicon dioxide. 

29. The method of claim 12 wherein the first radical species is atomic hydrogen and 
steps (e) and (f) are united to one step using OH radicals, and the metal surface in step 
3D (f) is terminated with hydroxyl species reaatve with the metal precursor to deposit the 
metal. 
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30. A method for depositing a fnetal nitride on a substrate sur&ce in a deposition 
chamber, comprising steps of: 

(a) depositing a monolayer of metai on the substrate surface by flowing a 
5 metal precursor gas or vapor bearing the meta) over a surface of the substrate, the 
surface saturated by a first reacdve species with which the precursor will react by 
depositing the metai and forming reaction product, leaving a metal surface covered 
with iigands from the metal precursor and therefwe not fiiither reactive with the 
precursor, 

10 (b) tecminating flow of the precursor ^as or vapor, 

(c) purging the precursor with inert gas; 

(d) flowing a first radical species imo the chamber and over the surface; the 
atomic species highly reactive with the sur&ce Ugands of the metal precursor layer 
and eliminating the Iigands as reaction product and also saturating the surface; 

15 (e) flowing radical nitrogen into the chamber to combine with the metal 

monolayer deposited in step (a), forming a nitride of the metai; 

(f) flowing a third radical species imo the chamber terminating the sur&ce 
with the first reactive species in preparation for a next metal deposition step; and 

(g) repeating the steps in order until a composite film of desired thickness 

20 results. 

3 1 . The method of claim 30 wherein the first and third atomic radical species are both 

atomic hydrogen, and the metal surface in step (0 is terminated with amine species 

* 

reactive with the metal precursor to deposit the metal. 

25 

32. The method of claim 3 1 wherdn steps (e) and (f) are combined to one step 
wherein the surface is reacted with hydrogen and niu'ogen atoms simultaneously. 

33. The method of claim 30 wherein the metal precursor is tungsten hexafluoride and 
30 the film is tungsten nitride. 
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34. The method of claim 30 wherein the metal precursor is tMitJiym n pentachloride and 

the film is tantahim nitride. 

35. The method of claim 30 wherein the metal precursor is aluminum trichloride or 
5 tiimethylalumimim and the film is aluminum nitride. 

36. The method of claim 30 wherein the metal precursor is fitanf^im tetrachlonde and 
the film is titanium nitride. 

10 37. The method of claim 30 wherein the metal precursor is silicon tetrachloride or 
dichlorosilane and the film is silicon xutride. 

38. The method of claim 30 wherein the metal precursor is trimethylgailium and the 
film is gallium nitride. 

15 

39. The method of claim 30 wherein the first radical species are atomic hydrogen and 
steps (e) and (f) are united to one step using one or both of NH and NH2 radicals, and 
the metal sur&ce in step (f) is terminated with amine species reactive with the metal 
precursor to deposit the metal. 

20 

40. A process for building a metal, metal oxide, or metal nitride film on a substrate 
surface, wherein deposition steps comprising flowing a metal precursor gas or vapor 
over the sur&ce with the sur^e terminated with a first chemical species reactive with 
the metal precursor to deposit the metal, are alternated with steps comprising flowing 

25 radical species over the fireshly deposited metal layers to remove the ligands from the 
deposition steps and to provide the first chemical species to terminate the substrate 
sur&ce preparatory to the next deposition reaction. 

4 1 . The process of claim 40 wherein a metal nitride film is built up by a step 
30 sequence of metal deposition by reacting a metal precursor gas with a surfiice 

terminated by amine species, then alternating exposure of the surface with atomic 
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precursor gas or vapor, flowing at least one atomic radical species into the chamber 
and over the surface* the atomic species highly reactive whh the reaccioa product and 
combining with the reaction product^ and also terminating the suiface, providing the 
first reacdve species, and repeating the steps in order until a composite film of desired 
S thickness resuhs. 

50. The reaaor of claim 49 wherein the atomic radical species is atomic hydrogen. 

5 1 . The reactor of claim 49 wherein the precursor gas bearing the metal is tungsten 
10 hexafluonde and the metal deposited is tungstea 

52. The reactor of claim 49 wherein the plasma generation apparatus comprises an 
electrode within the reaaor chamber and a high frequency power supply connected to 
the electrode. 

15 

53. The reactor of claim 49 further comprising a sbowerhead*type gas distribution 
apparatus, and wherein a plasma is generated within the showerhead apparatus to 
produce the atomic radical species. 

20 54 The reactor of claim 49 wherein the atomic radical species is produced in a 
remote plasma generator, and the species are delivered to the reactor. 



